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Enzo
Versatile AMR Code

Physics:
Gravity
Hydrodynamics
Non-equilibrium chemistry
Radiation transport
MHD

Refinement:
Baryon overdensity
Dark matter overdensity
Jeans length by 16 cells

Stable to 41 levels 
(1014 dynamical range)

Bryan & Norman (1997, 1999); O’Shea (2005)

Abel et al. (1997)

Abel & Wandelt (2002)

Truelove et al. (1997)

Wise, Turk, & Abel (2008)
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Simulation Setup
• Two random phases:

• Simulation “A” and “B”
• Atomic H and He cooling
• Focus on the hydrodynamics of 

the collapse of a 104 K halo
• Neglect:

• H2 cooling
• Stellar formation and feedback

Simulation A Simulation B

Initial Redshift 130 120

Comoving 
Box Size

1.0 Mpc 1.5 Mpc

DM Mass 
Resolution

30 M⨀ 100 M⨀

Maximum # of 
Unique Cells

1.2 x 108

(4943)
6.5 x 107

(4203)



Why study this?

Initial conditions are well-established.

Poses an excellent numerical experiment for a 
turbulent collapse.

Possibly applicable to both galaxy formation 
and molecular clouds.

Control model for calculations with feedback.
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Virial Turbulence

• In cooling halos, 
virialize through 
turbulence.

• Kinetic energy 
increases up to 5 
times with cooling.

• Turbulent Mach 
numbers = 1–2

Wise & Abel (2007)

Adiabatic
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Cooling



∇ · v
z = 15.9
Mvir = 3.5 x 107 M⨀



Gravitational Collapse
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Gravitational Collapse
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Simulation A
Recent major merger

Highly disorganized
Rotational instabilities

Simulation B
No recent major mergers

Organized rotation 1/3 of the Keplerian velocity
Rotational instabilities

Comparison of the two collapses
Starts at 30 proper pc



Supersonic Turbulence
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• Inner 1 pc contains 105 M⨀

• Infall rates ≈ 1 M⨀ yr-1

• Turbulent Mach numbers up to 4

• Rotational bar instabilities

➙ “Bars within bars”

• Not rotational supported

1 pc
Simulation B



Radiation hydro
Including Pop III stars
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Including Pop III stars



• Mvir = 3.5 x 107 M⨀

• 11 Population III stars

• Mach numbers up to 6

• Clumpy ISM
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Summary
• Virialization of halos create supersonic turbulence in 

addition to shock-heating the gas.

• Dense central cores of 105 M⨀ with r = 1pc form and 
further collapse by transporting angular momentum 
through rotational bar instabilities.

• Supersonic turbulence is driven on timescales shorter 
than it is dissipated 

→ turbulent Mach numbers up to 4

• Stellar feedback and H2 cooling in more realistic studies 
result in even greater supersonic turbulence (Mach 
numbers reaching 6).


